The silkmoth chorion has provided a stimulating model for the study of evolution and developmental regulation of gene families. Previous attempts at inferring relationships among chorion sequences have been based on pair-wise comparisons of overall similarity, a potentially problematic approach. To remedy this, we identified the alignable regions of low sequence variability and then analyzed this restricted database by parsimony and neighbor-joining methods. At the deepest level, the chorion sequence tree is split into two branches, called "a" and "p." Within each branch, early-and late-expressing genes each constitute monophyletic groups, while the situation with middleexpressing genes remains uncertain. The HcB gene family appears to be the most basal P-branch group, but this conclusion is qualified because the effect of gene conversion on branching order is unknown. Previous studies by Eickbush and colleagues have strongly suggested that ErA, HcA, and HcB families undergo gene conversion within a gene family, whereas the ErB family does not. The occurrence of conversion correlates with a particular tree structure; namely, branch lengths are much greater at the base of the family than at higher internodes and terminal branches. These observations raise the possibility that chorion gene families are defined by gene conversion events (reticulate evolution) rather than by descent with modification (synapomorphy ) .
Introduction
Relationships among members of a multigene family are frequently represented by a tree diagram. The interpretations of the branching pattern, the branch lengths, and the position of the root can vary dramatically depending on the particular combination of underlying evolutionary genetic processes. These can include simple mutation, gene duplication and loss, and horizontal evolution. Although previous studies of the silkmoth chorion gene superfamily have documented these and other processes, there has been little effort aimed at obtaining a chorion tree that reflects this understanding, other than a phenogram based on overall sequence similarity (Lecanidou et al. 1986 ).
Comparisons of chorion sequences reveal an evolutionarily conservative central domain that is flanked by more variable left-and right-arm sequences (summarized by Regier and Kafatos 1985) . Chorion sequences have been clustered into two approximately equally sized groups, called the "a" and "p" branches.
Clustering is based largely on greater overall withingroup similarity of central domains. c1 and p branches likely represent the basal split within extant silkmoth chorion sequences. The antiquity of the a/p split is supported by the observation that the large majority of chorion genes are organized as closely linked, divergently oriented, a/p gene pairs ( fig. 1 ; Eickbush and Burke 1985; Spoerel et al. 1989; Hibner et al. 199 1) . Within a pair, genes are divergently oriented with overlapping 5 ' flanking regions of 200-400 bp ( Spoerel et al. 1986 ). In the domesticated silkworm Bombyx mori, gene pairs are arrayed in tandem on the left arm of chromosome 2 (Goldsmith and Basehoar 1978) . a-and P-branch sequences have each been subdivided into three gene families-ErA (or CA), A, and HcA for the a branch; and ErB (or CB), B, and HcB for the p branch. However, phylogenetic relationships within and among these families have yet to be established. Gene-pairing relationships are family specific-ErA genes pair only with ErB genes, A with B, and HcA with HcB ( fig. 1 ). Gene pairs also have characteristic periods of expression during choriogenesis;
ErA / ErB genes are expressed predominantly during the early period, A/B genes during the middle period, and HcA / HcB genes during the late period. Expression of these temporal classes correlates with, and is thought to underlie, the contemporaneous morphogenetic events, namely, minimal lamellar framework 
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FIG. 1 .-Chorion sequence nomenclature and pairing relationships. All sequences analyzed in this study are listed; HcA 5 and HcA 11 were not analyzed. Gene pairing relationships are indicated by double-headed arrows. a-and P-branch sequences are placed in separate columns and are subclustered by timing of expression. Expression of Ax was undetectable ( Lecanidou and Rodakis 1992 ) . Question marks indicate uncertain pairing relationships.
formation, lamellar expansion and densification, and outer crust formation, respectively (Regier and Kafatos 1985) .
The study of chorion gene phylogeny is a formidable task, because the preferred type of mutation scored in phylogenetic analysis, namely, single nucleotide substitutions, is only one of several classes of mutation that diversify the genome. Mutations that result from slippage replication, unequal crossing-over, and gene conversion have also been documented (Jones and Kafatos 1982; Burke and Eickbush 1986; Eickbush and Burke 1986; Xiong et al. 1988; Hibner et al. 199 1) . Their net effect is to destroy phylogenetic information, potentially in a positively misleading manner in the case of high levels of gene conversion ( Sanderson and Doyle 1992 ) . Intermediate levels of conversion can substantially increase homoplasy.
Nevertheless, the occurrence of gene conversion does not, by itself, negate the utility of phylogenetic analysis ( Sanderson and Doyle 1992 ) .
In the present paper, we present a phylogenetic analysis of chorion sequences from Bombyx mori, by using quantitative systematic methods: The complications of mixed-gene-tree/species-tree analysis (Goodman et al. 1979 ) are avoided by limiting analysis to a single species. A nalysis of chorion genes from multiple species is considered elsewhere (Leclerc and Regier, submitted; J. C. Regier, C. Cole and R. F. Leclerc, unpublished data) . Most phylogenetic methods assume descent with modification as their underlying model (Swofford and Olsen 1990) . However, if horizontal gene transfer occurs, then this should be reflected in the way character-state changes are distributed on the tree. Increased attention to this distribution is needed if phylogenetic patterns are to be interpreted within the context of known evolutionary genetic processes. Our systematic studies support the previous conclusions of Eickbush and colleagues, that gene conversion is a major homogenizing process within some, but not all, of the chorion gene families Xiong et al. 1988; Hibner et al. 199 1) . The effect of gene conversion on tree structure is demonstrated. Our studies also provide support for the monophyly of four, but not all six, of the previously defined gene families. However, this conclusion must be tempered by the fact that gene conversion occasionally operates across, as well as within, previously monophyletic groups (Iatrou et al. 1984) . Such occurrences complicate the meaning of the terms "homology," "monophyly," and "synapomorphy" ( Donoghue and Sanderson, accepted) .
Material and Methods
The Data Set Fifty-one previously published chorion sequences from the domesticated silkworm Bombyx mori were used in this study. They are m5H4 (Lecanidou et al. 1986 ); HcA.2-HcA.4, HcA.6-HcA. 10, HcA. 11 -HcA. 15, and HcB.2-HcB. 15 ; A.Ll and B.Ll (Tsitilou and Kafatos 1989) ; A.Ll 1, A.Ll2, B.Ll 1, and B.Ll2 (Spoerel et al. 1986 ); m6F6 and m2G12 ; ErA. I-ErA.5 and ErB. 1 -ErB.S (Hibner et al. 199 1) ; m3A5, m 1768, m24 10, and m2807 (Tsitilou et al. 1983 ); m2774 (Rodakis et al. 1982) ; and Ax ( Lecanidou and Rodakis 1992 ) . This last sequence was unnamed in the original publication but was referred to as an unpaired a gene in proximity to gene 6F6.1.
Sequence Analysis
Alignments within a-and P-branch sequences are identical to those in fig. 3 of Kafatos et al. ( 1987) ) except that the ends are of slightly differing lengths. Alignments between a-and P-branch sequences are identical to those in fig. 4 of Kafatos et al. ( 1987) , except for the two Cterminal residues. Relationships among nucleotide sequences were inferred using parsimony (PAUP 3.0; Swofford 199 1 a) and neighbor-joining methods ( Saitou and Nei 1987; NEIGHBOR program in version 3.4 1 of PHYLIP, Felsenstein 199 1) . In all cases shown, parsimony searches were heuristic because of large data sets. Heuristic searches were always carried to completion and used the "tree bisection and reconnection" branchswapping algorithm and the "simple," "closest," "as is," and "random" (minimum 25 replications) addition sequences. Both strict-consensus trees (Sokal and Rohlf 198 1; Swofford 199 
Results

The Data Set
Alignments of chorion sequences, and, thus, generation of the data set, are based on the criterion of character homology. In making these somewhat subjective fig. 2B ). A subset of 22 sequences of the previously defined a branch (Lecanidou et al. 1986 ) can be aligned with no indels over 153 nucleotides ( fig. 2 ) . Twenty-nine P-branch sequences can be aligned with one noninformative indel over 192 nucleotides. For the three data sets, the percentage of invariant characters is 20, 45, and 28, respectively.
Chorion genes are closely paired-one cc with one p ( fig. 1 ). Genes within a pair are coexpressed. Only four of the sequences are definitely unpaired-three p's (m5H4, m6F6, and m2G 12) that are all expressed early (Hibner et al. 1988; Izzo 1991) and one c1 (Ax) of unknown developmental specificity that could be a pseudogene (Lecanidou and Rodakis 1992 CTTGGCGGTATCTACTATGGCTGTGGGGATGGTGCTGTTGCCATCACCGCG  CTTGGCGGCATCGATTATACTTGCGGCGATGGCGCAGTTGGCATTACTGTC  GGTGGTGTAGTCAGCTACGATGCGGCGACGGAGCTGTTGGTATAGCCGCG  CTTGGTGGTATTAACTACGGCTGCGGTAATGGCGCTGGCGCTGTTGGGATCACCGCT  ATTGGTGAGATCAACTACGGCTGCGGCGATGGAGCAGTCGCCATTACCGCT  ATTGGTGAAATCCTCTACGGCTGCGGAAACGGTGCCGTTGGTATTACCCGC  ATTGGTGAAATCCTCTACGGCTGCGGAAATGGTGCCGTTGGTATTACCCGC  ATTGGTGAAATCGATTACGGCTGCGGAAACGGTGCCGTTGGTATTACCCGC  ATTGGTGAAATCCTCTACGGCTGCGGAAACGGTGCCGTTGGTATTACCCGC  ATCGGTGAAATCGATTACGGCTGCGGAAACGGTGCCGTTGGTATTACCCGC  ATTGGTGAAATCTTCTACGGGTGCGGAAATGGTGACGTTGGTATTACCCGC  ATTGGTGAAATCGATTACGGCTGCGGAAACGGTGCCGGTGCCGTTGGTATTACCCGC  TGTGGTTGTATCGACTACGGCTGCGGAGACGATTGCATCGGTATCACCC~  TGTGGTTGTATCGACTACGGCTGCGGAAACGGTTGCGTCGGTATCACCAAA  TGTGGTCGTATCGACTACGGCTGCGGAAACGGTTGCGGTTGCGTCGGTATCACCCGA  TGTGGTCGTATCGACTACGGCTGTGGAGACGATTGCATCGGTATCACCC~  TGTGGTCGTATCGACTACGGCTGTGGAGACGATTGCATCGGTATCACCC~  TGTGGTTATATCGACTACGGCTGCGGAGACGGTTGCGTCGGTATTACCC~  TGTGGTTGTATCGACTACGGCTGCGGAAACGGTTGCGGTTGCGTCGGTATCACCCGA  TGTGGTTATATCGACTACGGCTGCGGAGACGATTGCATCGG~TCACCC~  TGTGGTTGTATCGACTACGGATGCGGAAACGGTTGCGGTTGCGTCGGTATCACCCGA  TGTGGTTGTATCGACTACGGCTGCGGAGACGATTGCATCGGTATCACCC~  TGTGGTTGTATCGACTACGGATGCGGAAACGGTTGCGGTTGCGTCGGTATCACCCGA  TGTGGTTGTATCGACTACGGCTGCGGAGACGGTTGCGTCGGTATCACCC~  TGTGGTTGTATCGACTACGGATGCGGAAACGGTTGCGGTTGCGTCGGTATCACCCGA TGTGGTTGTATCGACTACGGCTGCGGAAACGGTTGCGGTTGCGTCGGTATCACCCGA -
Alignment of chorion sequences from the a (upper block) and p (lower block) branches that largely correspond to the central domain (Kafatos et al. 1987) . The middle 75 nucleotides of that region (B) could be confidently aligned across a and j3 branches, whereas the 5' (A) and 3' (C) regions of the central domain were aligned only within the a or p branch. Question marks represent data that were not available. The numerical character states at position 26 within j3 sequences correspond to a noninformative indel. The dashes in parts A and C separate a and p sequences and indicate that they are not to be compared.
Similarity Measures and Nucleotide Bias range in pairwise similarities. In fact, m5H4 (an early Within the a or p branch, genes expressed at similar p) is more similar to some middle p's than to some early times (early, middle, or late) are more similar in se-p's. Between-branch comparisons are typically, but not quence, with the exception of early p's ( fig. 3 ) . Early p's always, more divergent than within-branch comparisons are clearly the most diverse group and show the greatest (data not shown). molded the current understanding of chorion sequence relationships (Lecanidou et al. 1986 ). In fact, genes expressed during each of the three broadly defined periods-early, middle, and late-exactly correspond to the three previously defined gene families within the a and p branches-ErA and ErB, A and B, and HcA and HcB, respectively.
Chorion proteins have highly asymmetrical distributions of residues ( Regier and Kafatos 1985 ) and, like many highly expressed genes, biased codon usage (fig. 4A; Gouy and Gautier 1982) . For example, glycine (GGX) and alanine (GCX ) codons infrequently have adenine and guanine bases in the third-codon position. Residue and codon biases lead to major nucleotide bias ( fig. 4B ). For all three data sets, guanine alone constitutes 46%-55% of all bases at the first-codon position (the primary consequence of high glycine (GGX), alanine (GCX), and valine (GTX) contents) and 34%-43% of all bases at the second-codon position (the consequence of high glycine content).
At third-codon positions, cytosine and thymine together constitute 78%-80%, while adenine and guanine constitute only 6%-9% and 1 l%-16%, respectively.
An estimate of the types and frequencies of character-state transformations can be obtained by examining all two-state characters ( fig. 4C ). At first-codon positions, transformations to /from guanine predominate, which is consistent with the high guanine content.
At third-codon positions, transitions between cytosine and thymine are most frequent, which is consistent with high cytosine and thymine contents. Second-codon-position transformations reflect a more evenly distributed nucleotide composition, but asymmetries are still evident.
Chorion Gene Relationships
The 75-nucleotide region ( fig. 2B ) has been analyzed using parsimony to infer relationships among chorion sequences, and a strict-consensus tree has been constructed from all minimum-length trees ( fig. 5A ). The first two nucleotides within each codon ( fig. 5A , Nt 1,2) and all three nucleotides ( fig. 5A , Nt 1,2,3) have been analyzed separately. Both data sets support the monophyly of a and /3 subgroups, and midpoint rooting (Farris 1972) with the more conservative data set places the root between them. Both strict-consensus trees are fully concordant with respect to placement of the major chorion families. Only their degrees of resolution differ. Both support early a, late a, and late p as monophyletic groups. Additionally, the larger data set supports the monophyly of early and middle p, as well as some resolution within families. Neither data set supports the monophyly of middle a. Somewhat unexpected is the observation that two gene families-early a and late pwhose members do not pair with each other form the most basal lineages within their respective branches. This conclusion is supported largely by third-nucleotide-position data.
Neighbor-joining provides an alternative method for inferring relationships.
The result for the 75-nucleotide data set is shown ( fig. 5B ) and is in substantial agreement with the parsimony result ( fig. 5A ). Early a, late a, and late p form separate clusters of sequences, with late p again being the most basal lineage within the p branch. Neighbor-joining and parsimony give similar, but incompletely concordant, results for middle a and p. The ordering of families within the a branch is essentially unresolved.
a-and P-branch sequences also have been analyzed by parsimony over the entire 153-and 192-nucleotide regions, respectively ( fig. 6A and C) . To do this, a-and P-branch sequences were rooted with the alignable 75-nucleotide regions of p and a sequences, respectively, with question marks placed in the nonalignable regions. With the enlarged a data set, the consensus tree of all three nucleotide positions is fully resolved for a sequences ( fig. 6A ), although not for p sequences (not shown). The a portion of the consensus tree is congruent with the 75-nucleotide region ( fig. 5A ). When only the first two nucleotide positions are used, the consensus tree is unresolved within the early sequences, but otherwise it is identical. With the enlarged p data set, early, 
Alternative Trees
To judge the strength of individual phylogenetic results, a measure of robustness for groupings within the strict-consensus trees is needed. Bootstrapping is a widely used statistical approach that can be appropriate when dealing with large numbers of informative characters (Felsenstein 1985 ) . However, chorion data sets are not large. Instead, we determine the minimum lengths of trees that support alternative taxon groupings (Cracraft and Helm-Bychowski 199 1; Donoghue et al. 1992) . Alternative hypotheses have been tested for all of the parsimony-based trees (figs. 5A and 6). All gene families except middle a and middle p are monophyletic in at least some of the most-parsimonious trees used to derive the strict consensus (see table 1, column labeled "Form Group").
The number of additional steps to break up monophyletic groups (see table 1, column labeled "Break Group"; Donoghue et al. 1992 ) provides strong support for the monophyly of late a and p sequences, particularly when compared with the number of additional steps needed to break up the well-supported a and p groupings (three and six steps, respectively, for parts A and B). Early a is also strongly supported as monophyletic, although this conclusion results largely from data within third-nucleotide positions (compare parts A and B, and C and D). Support for monophyly of early p is also moderately strong, particularly in third-nucleotide positions and outside the most conservative 75-nucleotide region (parts B and E). Monophyly of middle p is not supported, which is consistent with the neighbor-joining result ( fig. 5B ). In conclusion, the early and late gene families appear monophyletic, whereas monophyly of middle-gene families is uncertain. The column in table 1 labeled "Most Basal a or p Group" lists the smallest number of additional steps needed to make each of the groups basal within their respective branches for at least one tree. Within the a branch, none of the families are clearly preferred as most Evolution of Bombyx Chorion Gene Families 79 basal, with the alternative topologies being within two steps (of 102-28 1 total), except middle a in part B. Within the p branch, late p is consistently placed as most basal, with relatively strong support.
Branch Lengths and the Distribution of Characters
While strict-consensus trees are well suited for summarizing support for particular groupings, they are not informative of the amount of evolution that separates taxa. Instead, individual most-parsimonious trees must be examined ( fig. 6B and D) . Additional representatives of the HcA, HcB, and ErA families are included to emphasize their unusual topology (see below). For early a, late a, and late p, the branch at the base of each family is substantially longer than internodes and terminal branches. For example, for the late-p family, 5 characterstate changes map to terminal branches, 13 map to internal branches, and 16 map to the single branch at the base of the family ( fig. 60 ). By contrast, within early-p families, 85 character-state changes map to terminal branches, 25 map to internal branches and, only 5 map to the basal branch. These observations apply to the other most-parsimonious trees (data not shown). This uneven distribution of character-state changes requires an explanation.
Discussion
The Patterns of Chorion Gene Evolution
Most chorion genes are present in the silkworm genome as closely linked, divergently oriented, and coordinately expressed a/p gene pairs ( fig. 1) . Although pairwise sequence comparisons fail to demonstrate that all a and p sequences are more closely related to members of their own group (Lecanidou et al. 1986 ; also see fig. 3 )) our parsimony analysis clearly demonstrates that a and p sequences do not intermingle on an unrooted network ( fig. 5 ). The widespread occurrence of gene pairing, midpoint tree rooting, and other distance-based measures argues that the root of the chorion tree should be placed between a and p sequences, as others have suggested (Lecanidou et al. 1986 ). This implies that a/ p gene pairs should coevolve, if gene pairs do not exchange partners. The coordinate expression of gene pairs and the greater overall sequence similarity within a-and P-specific temporal classes argues that complete gene exchange does not occur outside temporal classes. of the few unpaired genes supports the contention that pairing is ancient. Although highly autapomorphic, m5H4 appears to be a highly derived member of the early-p cluster of sequences (figs. 5B and 60). Similarly, Ax (an a sequence of unknown developmental specificity) and m6F6 (an early-p sequence) do not lie near the base of the tree nor do they lie close to each other (figs. 5B and 6B and D). Thus, extant, unpaired chorion genes appear to be independently derived from ancestrally paired genes. Similar conclusions may apply to the few chorion pseudogenes that are also unpaired (Fotaki and Iatrou 1988) .
Chorion genes have been categorized by developmental timing (early/middle/late) and by overall sequence similarity ( CA,ErA / A / HcA; CB,ErB / B / HcB ) . The latter groupings are called "gene families." Originally, it was hypothesized that one a and one p gene family would be uniquely and exclusively expressed during each period-namely, CA/CB during the early period, A/B during the middle period, and HcA/HcB during the late period (summarized in Regier and Kafatos 1985 ) . This was confirmed for the HcA/ HcB gene locus (Nadel and Kafatos 1980; Bock et al. 1982) . However, this simple picture became confused when the p member of an early-period-specific a/P pair appeared more B-like than CB-like; this confusion was reinforced when the originally defined CB sequence in Bombyx turned out to be unpaired (Hibner et al. 1988) . As a result, additional early-period-specific categories, ErA and ErB, were named. The present studies have clarified the situation for early sequences, namely, that the original simple model appears correct. ErA+CA, and ErB+CB sequences form monophyletic groups when analyzed by parsimony and neighbor-joining methods. Earlier confusion arose from the method of making comparisons (pair-wise comparisons of overall similarity) and the way of defining gene families (an arbitrary percentage of sequence similarity and nonquantitative consideration of other characters such as proline/glycine ratios). The strong support for the monophyly of earlya and -p and late-a and -p sequences does not extend to particular branching patterns within those groupings. Outside of early /3, most internal branchlengths are short. Relationships among middle-period genes are uncertain. B sequences are monophyletic when analyzed Iatrou et al. 1984) . Our data neither support nor reject this hypothesis, but, if true, they would imply that HcA sequences must be the most basal a sequences.
Our reanalysis of chorion sequence relationships is based on alignments in the most conservative portion of the molecules, where homology statements neither require assumptions about pathways of slippage replication nor suffer from extensive overall divergence. Counterbalancing these positive features of analysis are the biased nucleotide compositions and transformation frequencies observed for those characters (fig. 4) . Methods, other than parsimony and neighbor-joining, that take into account biases in nucleotide composition might be worthy of future exploration ( Sidow and Wilson 199 1; Fitch and Ye 199 1).
The Processes of Chorion Gene Evolution
The major goal of the present study is to interpret chorion tree structure, i.e., branching patterns and distributions of character-state changes, in terms of evolutionary mechanisms that diversify and homogenize the chorion locus. Tree structure can only be interpreted within the framework of a model for genomic change. Traditionally, tree building methods assume that all analyzed characters evolve independently and that observed variation results from simple mutations, namely, nucleotide substitutions, insertions, and deletions.
However, for gene families in which concerted evolution is a widespread phenomenon, a hierarchical model based on descent with modification may be inappropriate. Nevertheless, the fact that concerted evolution occurs does not negate FIG. L-Relationships among chorion sequences as inferred from maximum-parsimony and neighbor-joining analysis of the 75nucleotide-long o+B region. A, Maximum-parsimony method. Two data sets were analyzed-the first two nucleotides within each codon (Nt 1,2) and all three nucleotides (Nt 1,2,3 ). For the Nt 1,2 data set, $7 18 minimum-length trees of 102 steps were obtained, with consistency index = .618 and retention index = .858 (Fart-is 1989) . For the Nt 1,2,3 data set, 45 minimum-length trees of 216 steps were obtained, with consistency index = .556 and retention index = .806. Only strict-consensus trees are shown. B, Neighbor-joining method. All three nucleotides were used. Sequences are identified by period of maxima1 expression (i.e., early, middle, and late), as well as by name. Branch lengths for the neighborjoining method are a measure of genetic distance (Saitou and Nei 1987 A, Analysis of two data sets, the first with two nucleotides within each codon (Nt 1,2) and the second with all three nucleotides (Nt 1,2,3) . Their strict-consensus trees are shown. For a sequences, the 154-nucleotide region was aligned. For p sequences, only the central 75-nucleotide region was aligned with a's; the remainder was coded as question marks. The B sequences, which are used only for rooting the a's, are ErBl-5, m2Gl2, m5H4, m6F6, BLI, BL 11, BL 12, m24 10, m3A5, m2807, m 1768, HcB2, HcB4, and HcB 12. For the Nt 1,2 data set, 2,694 minimum-length trees of 128 steps were obtained, with consistency index = .680 and retention index = .878. For the Nt 1,2,3 data set, 45 minimum-length trees of 28 1 steps were obtained with consistency index = .609 and retention index = .82 1. B, Analysis of first two nucleotides of each codon from an expanded data set ( 12 HcA sequences included). One of 9,39 1 minimum-length trees of 132 steps each is displayed (consistency index = .667; retention index = .912). As in part A, the 154-nucleotide region of a's was aligned with the 75-nucleotide region of B's+question marks. The same ps were used for rooting as in part A. Branch lengths are proportional to the number of inferred character-state changes (see scale at bottom). C, Analysis of first two nucleotides within each codon (Nt 1,2). The strict consensus of four minimum-length trees (207 steps; consistency index = .657; retention index = .8 17) is displayed. For p sequences, the 192-nucleotide region was aligned. For a sequences, only the central 75nucleotide region was aligned with p's; the remainder was coded and run as question marks. The a sequences, which were used only for rooting the B's, are ErA l-5, ALl, AL 11, AL1 2, m2774, Ax, HcA3, HcA7, and HcA 13. D, Analysis of first two nucleotides of each codon from an expanded data set ( 14 HcB sequences included). One of 64 minimum-length trees of 215 steps each is displayed (consistency index = .647; retention index = .883). As in part C, the 192nucleotide region of B's was aligned with the 75-nucleotide region of a's+question marks. The same a's were used as in part C. Branch lengths are proportional to the number of inferred character-state changes (see scale at bottom). Sequences are identified by period of maximal expression (i.e., early, middle, and late), as well as by name. The sizes of these arrays vary among species and even in sequence to any other one, although percentage simwithin strains of Bombyx ( 14-19 HcA genes; Xiong et al. 1988 ). These observations are consistent with concerted evolution occurring through expansion and contraction of related chorion genes, for example, by unequal crossing-over.
Gene conversion, which results from nonreciprocal recombination, has been postulated to occur extensively within the chorion locus Xiong et al. 1988; Hibner et al. 199 1 ) , as well as within many other gene families (e.g., see Burton et al. 199 1; Wines et al. 199 1; Cohn and Edstrom 1992; Rudikoff et al. 1992) . Initially, conversion leads to sequence diversification, by spreading mutations to other genes, Eventually, however, when the mutation becomes fixed in all paralogs, it leads to homogenization. Eickbush and Burke ( 1986) fig. 6B and D) . This unusual distribution of character-state changes will be discussed below, within the context of alternative models for evolutionary change.
Eickbush and colleagues also observed shared variants in ErA genes (Hibner et al. 199 1) . In another elegant series of experiments, they eliminated all obvious explanations for these except gene conversion events, in large part by comparing the pattern of nucleotide changes in ErA genes with the quite different pattern in their companion early-p genes. Gene conversion is not con- ' No. of additional steps required to make a group basal within a or p.
A. Selection model
-Three models to explain horizontal evolution within chorion gene families. A rectangle represents an individual gene within a family; a vertical bar within a rectangle represents a mutation; X indicates a deletion of the entire gene sequence; an arrow indicates the passage of time; a branched arrow indicates a gene duplication; and an arrow with dashed line indicates a gene conversion. sidered to be a major factor in the overall evolution of early-p genes, although two closely related copies of 2G 12 appear to undergo conversion (Izzo 199 1) . Thus, Eickbush and colleagues have provided us with the means to compare tree structure for chorion gene families that do and do not undergo extensive gene conversion.
The overall tree structure for ErA genes is strikingly similar to that for HcA and HcB. In particular, most character-state changes map to the base of the ErA family, with very few at the intrafamilial internodes and terminal branches. By contrast, the tree structure for early-a (ErB plus several others; see fig. 2 ) sequences reveals highly length-variable internodes and terminal branches and a base that is comparable in length to many of the internodes.
In light of the findings of Eickbush and colleagues, a plausible interpretation of the ErA tree structure is the following: Mutations initially appear as autapomorphies, which map to terminal branches. Autapomorphies are rapidly spread to other family members by gene conversion, which gives rise to the shared variants observed by Eickbush and colleagues. Because shared variants result from horizontal evolution rather than from descent, different characters typically support conflicting tree structures. This would lead to high levels of observed homoplasy in intermediate stages of homogenization ( Sanderson and Doyle 1992 ) . However, character-state changes rapidly expand to all gene-family members and, thus, map to the base of the family, which effectively lowers their homoplasy on the tree. In the absence of conversion between families, the characters remain at the base. As expected for a gene family rapidly undergoing conversion, the consistency index (Kluge and Far-r-is 1969) for characters that map to the base of the ErA family is very high, e.g., .967 for one of the minimum-length trees whose strict consensus is shown in figure 6A .
This also could explain the tree structure of the HcA and HcB families ( fig. 6B and D) , although in these cases alternatives remain possible. The central observation that requires explanation is that most characterstate changes map to the base of the families, with very short internodes and terminal branches. Natural selection could operate to maintain homogeneity within gene families ( fig. 7A ). However, this selection would have to be family specific, with substantially less constraint on early p's. An even finer level of selection would have to be postulated to explain the complex pattern of shared variants. The substantial population polymorphism that exists within the silkmoth chorion locus and the fact that diversification outside the central domain has occurred sufficiently rapidly to prevent alignment among family members, even in the same branch, argue against strong selection (Goldsmith and Basehoar 1978; Nadel and Kafatos 1980) . Drosophila chorion genes, which share some features with silkmoths (Kafatos et al. 1987 ; Mitsialis et al. 1987) , also encode very rapidly evolving proteins, with unit evolutionary periods even shorter than fibrinopeptides ( Martinez-Cruzado 1990).
Another model to explain the observed tree structure is based on a rapid rate of intrafamily gene duplication and deletion by unequal crossing-over ( fig. 7B ). Unequal crossing-over is a likely explanation for strainand species-specific variation in gene family size and may offer a partial explanation for maintaining sequence homogeneity within gene families. However, it does not explain the complex spatial pattern of shared variants, which are frequently distributed across nonadjoining gene pairs Hibner et al. 199 1) . This is counter to expectation if unequal crossing-over is responsible. Thus, a gene conversion model remains the most convincing explanation for the character-state distribution within HcA and HcB families ( fig. 7C ).
Chorion Gene Evolution Revisited
In the present report we have interpreted tree structure in terms of processes that diversify and homogenize the chorion gene superfamily. The ErA, HcA, and HcB families appear to be defined most clearly by the limits of their interconversion.
A model that defines a gene family as a unit of gene conversion may be quite different from a model that principally invokes the criterion of monophyly.
On the other hand, the early-p sequences may define a family largely on the basis of the monophyly criterion, in light of their internal branching structure and the observations by Hibner et al. ( 199 1) . The partial concordance of results from using different early-p data sets and different methods of analysis supports this hypothesis. There are still unresolved questions as to whether middle-p and, particularly, middle-a sequences constitute one or more gene families. Once the organization of the middle genes is better understood, it would be interesting to see whether genomic subclusters of middle gene pairs form more obvious groupings.
These studies have not convincingly demonstrated the order of appearance of gene families after the initial a/P split. Even the robust determination that late p's are basal must be treated with suspicion. Gene conversion may result in loss of phylogenetic information as well as in horizontal transfers and duplication of existing information.
Of course, multiple substitutions at synapomorphic characters can also result in loss of information.
As "basal-ness" is defined by missing characters rather than by shared characters, its determination can be particularly problematic. A search for HcB (and HcA) genes outside the two bombycoid families currently studied could prove illuminating.
We thus are left with substantial uncertainties about the nature of chorion gene evolution. On the other hand, analysis of gene tree structure has provided independent support for gene conversion through identification of a "signature" tree structure. This signature may prove useful in analyzing other gene families, both chorion and nonchorion, in other species.
